INTRODUCTION
Implantable microelectrode arrays (MEAs) have been used to record and stimulate in a number of studies in different regions of the brain (Branner et al., 2001; Vetter et al., 2004; McCreery et al., 2006; Cogan, 2008) . Microwire multi-electrode arrays (MMEAs) have been used widely in studies requiring both chronic and acute (<1 day) recordings and stimulations (Nicolelis et al., 1997; Buzsaki, 2004; Deadwyler and Hampson, 2004; Shi et al., 2007; Ganguly et al., 2009; O'Doherty et al., 2009; Venkatraman et al., 2009) . They have especially gained prominence because of the wide range of array shapes and sizes available (including number of electrodes, length, spacing, insulation, diameter, impedance, tip shape, etc.), to suit different needs.
The stimulation parameters (voltage, pulse length, etc.) that are required to evoke neural responses using the MMEAs are dependent on the impedance of the electrodes. It would be ideal for the electrodes to have low impedance because this would directly reduce the amount of voltage required to produce a given current, and in turn evoke the desired response. Lowering the required stimulation voltage is expected to help avoid several problems:
First, when electrodes immersed in saline solutions are driven to high enough voltages, electrolysis occurs, wherein water is irreversibly split into O 2 and H 2 gases (Merrill et al., 2005) . For platinum (Pt) electrodes, Rose and Robblee (1990) have reported that the maximum charge density that can be applied without Improving impedance of implantable microwire multielectrode arrays by ultrasonic electroplating of durable platinum black
MATERIALS AND METHODS

PLATING SOLUTION PREPARATION
We followed the protocol for the plating solution from Marrese (1987) . For 200 ml of chloroplatinic acid plating solution, we added 200 ml of ultrapure (>10 Mohm/cm) water, 20 mg of lead acetate trihydrate (Sigma-Aldrich) (lead ions have been shown to increase the adherence of Pt black on the substrate), 5 µl of 1 N HCl and 2 g of chloroplatinic acid hydrate (Aldrich) at room temperature (25 o C).
ELECTROPLATING SETUP
The electroplating setup used consists of a cathode (the MMEA that is to be plated), an anode (a strip of Pt metal) and the electrolyte (Pt electroplating solution) immersed in a standard ultrasonic bath agitator (sonicator) (Sonicor model DSC-101TH) used to provide agitation in the ultrasonic frequency range. The sonicator that we used in our study had output vibrations of 40,000 Hz at 276 W.
Voltage-controlled electroplating was performed on all trials at room temperature using the setup depicted in Figure 1 . Input current for electroplating was provided by our open-source NeuroRighter multi-electrode electrophysiology setup (Rolston et al., 2009 ). The use of NeuroRighter made intermittent impedance measurements in vivo and in vitro fast and easy.
The MMEAs (Tucker-Davis Technologies) that we used in our experiments had sixteen electrodes of 33-µm diameter arranged in two rows of 8 electrodes, with 175 µm between electrodes within a row, and 1 mm between rows. The electrodes are made of a tungsten core insulated with polyimide. There is a thin layer of gold between Third, thermal noise (also known as the Johnson-Nyquist noise) is directly proportional to electrode impedance (Johnson, 1928; Nyquist, 1928) and will also be reduced by lowering the impedance of electrodes. Reducing thermal noise should help in improving the signal-to-noise ratio of neural recordings.
All this calls for MMEAs with reduced impedance. Ideally, impedance should be reduced by increasing surface area without increasing the physical extent of the electrodes. Otherwise, we would compromise on single unit selectivity. Electroplated Pt black is non-toxic (Dymond et al., 1970) and has a high surface area but traditionally is very delicate and not suitable for chronic use. In the fi eld of cyclic voltammetry, Marrese has shown that plating electrodes with Pt black under ultrasonic agitation increases their surface area with higher durability (Marrese, 1987) . However, to the best of our knowledge, this technique has not previously been characterized for neural recording and stimulation on microelectrodes used in chronic implants.
Here, we study the durability of Pt black plated on MMEAs under ultrasonic vibration ("sonicoplating") in chronic implants. We also show explicitly the improvements that durably plated MMEAs can have over unplated MEAs for in vivo recording and stimulation performance. Pulsed plating is another technique that has been proposed for improving the durability of Pt black plating Guterman, 2001, 2005) . We compared the durabilities of Pt black plated through sonicoplating, pulsed plating and DC plating by scanning electron microscopy (SEM), impedance spectroscopy and measurements of in vivo stimulation and recording.
FIGURE 1 | (A)
Setup used in the sonicoplating experiment consists of a cathode (MMEA -the base metal to be electroplated), an anode (a strip of Pt metal) and the electrolyte (chloroplatinic acid plating solution) in a standard 500 ml Pyrex glass beaker placed in an ultrasonic agitator. Flexible arm probe holders are used to hold the MMEA and Pt counter-electrode. The same setup is used for pulsed plating and DC plating with the ultrasonic agitator switched off. Electroplating current comes from NeuroRighter, which is programmed to deliver voltage-controlled DC current or pulsed current of appropriate amplitude and duration. the tungsten and polyimide which enables soldering of the electrode to the connector. The sixteen electrodes on the MMEA were divided into four groups of four interleaved electrodes (each group had one electrode each from electrode numbers 1-4, 5-8, 9-12 and 13-16). We sonicoplated one of the four groups, pulsed-plated the second, DC plated the third and left the fourth group unplated to serve as a control. The microwire electrodes were plated one at a time by the three different plating techniques until their impedances were brought down to the same level. This was made possible by interfacing a 16:1 multiplexer circuit with NeuroRighter. So that only the sonicoplated electrodes were exposed to sonication, the order of plating was (1) sonicoplating, followed by (2) pulsed plating followed by (3) DC plating.
SURGERY, RECORDINGS, STIMULATIONS AND IMPEDANCE MEASUREMENTS
Animal work was conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Emory University Institutional Animal Care and Use Committee. An adult male Sprague-Dawley rat weighing ≥350 g was used for our in vivo durability, stimulation and recording tests. For the duration of the surgery, the rat was kept anesthetized with 1-3% inhaled isofl uorane. A craniectomy was made over the right dorsal hippocampus, centered at 3.5 mm posterior and 2.8 mm lateral to bregma. The dura was removed with a sterile needle. An electroplated 18-electrode MMEA, whose impedances were brought down to the same levels by the three different plating methods on 4 electrodes each (according to the method in the "Electroplating Setup" section was slowly implanted into the brain to a depth of ∼3.7 mm (in addition to the 16 normal electrodes, the MMEA also had two longer (6 mm) ground and reference electrodes). Skull screws were implanted and dental acrylic was applied to seal the craniectomy. Buprenorphine (0.05 mg/kg) was injected and the rat was allowed to rest for 6 days before subsequent impedance studies began.
Impedances were measured by stimulating with sine waves of amplitude 1 µA across the frequency range of 10-10000 Hz. To compare stimulation voltages required (for a fi xed simulation current) on the three different types of plated and unplated electrodes, ten ±10-µA biphasic current-controlled pulses of 800-µs duration (50% duty cycle) were delivered on one electrode at a time while simultaneously recording (at 25 kHz) from all sixteen electrodes. Stimulation artifacts (<1 ms) on the non-stimulating electrodes were removed in real-time with the SALPA algorithm (Wagenaar and Potter, 2002) .
RESULTS
TEST FOR DURABILITY
We tested the durability of the Pt black plating by subjecting an electroplated 16-electrode MMEA, whose impedances were brought down to the same levels by the three different plating methods on 4-electrodes each (according to the method in the "Electroplating Setup" section) to additional sonication in physiological saline solution. The hypothesis is that additional sonication will remove any loosely bonded Pt black particles, showing which plating technique produces the most durably plated layer. As seen from Figure 2 , at the end of 60 min of ultrasonic agitation in saline, all three types of plated electrodes showed an increase in the impedance levels compared to their impedance values immediately after plating, indicating that there is a loss in Pt black plated by all three methods. However this increase was much more pronounced in the DC and pulsed plated electrodes. As seen from Figures 2A-C, at 1 kHz there is a 63 ± 16% increase in the impedance of the sonicoplated electrodes after 60 min of additional sonication as opposed to 297 ± 18% increase and 353 ± 72 % increase in the pulsed plated and DC plated cases.
Scanning Electron Microscopy (SEM) was carried out before and after the durability test to see if there was a difference in surface morphology of the Pt black plating formed by the three plating techniques. As seen from Figure 3 , there was a remarkable difference in the way Pt black plating forms by the three plating techniques. In the sonicoplated electrodes (Figures 3e-h) , there is a more uniform, thin layer of plating formed when compared to the pulsed plated (Figures 3i-l) and the DC plated cases (Figures 3m-p) where Pt black forms distinct lumps. This is presumably because in the case of sonicoplating, only those Pt black particles that formed strong bonds with either the base metal or with other Pt particles remain attached during the process of plating. Via this nano-scale type of Darwinian selection during sonicoplating (Marrese, 1987) , the weaker bonds are broken and the weakly bonded Pt particles leave the plating, forming a more uniform and adherent Pt layer on the base metal. The DC and pulsed plating techniques, on the other hand, presumably allow weak and strong bonds to remain in the plating. This is suggested by the loss of many Pt lumps upon 1-hour sonication of the pulsed and DC plated electrodes.
MATCHING ELECTRODE IMPEDANCE UNDER DIFFERENT PLATING CONDITIONS
We did a number of pilot experiments to come up with an estimate of the time and voltage required for the three plating techniques to undergo a similar reduction in impedance. Table 1 reports the values used for this study, showing that the sonicoplating technique requires more time and voltage than the other two plating techniques. Since plating under ultrasonic agitation allows only strong bonds to remain, knocking off weakly bonded Pt particles, it requires more net charge for this method to achieve a similar reduction in impedance.
CHRONIC MMEA IMPLANTATION IN VIVO
In order to look at the improvements that reducing impedance can have in an actual recording and stimulation experiment and also to look at the durability of Pt black plating in a chronic study, we implanted an electroplated MMEA (according to the method in the "Electroplating Setup" section, with no sonication of pulsed or DC plated electrodes) into a rat's hippocampus and followed the impedances over a period of three weeks. As seen from Figure 4 , the difference in the impedances between the three types of plating was not as noticeable as in our durability test in saline. However, it should be noted that the impedances in an in vivo environment are affected by variable factors such as gliosis (Rudge et al., 1989; Polikov et al., 2005) making it diffi cult to follow the impedance contributions of the electrodes themselves. The impedances on the plated electrodes remained signifi cantly lower than the unplated electrodes at 3 weeks post implantation (p < 0.001, t-test). In fact, 
REDUCTION IN STIMULATION VOLTAGE
By Ohm's law, the stimulation voltage required to pass a given current is directly proportional to the electrode impedance. Therefore, lowering impedance would directly translate to lowering the the sonicoplated electrodes had, on average, lower impedances than electrodes with other types of plating, throughout the course of three weeks (p < 0.35).
SINGLE UNIT ACTIVITY RECORDED ON ELECTROPLATED ELECTRODES
To confi rm that the electroplated Pt black increased the surface area of electrodes without compromising single-unit selectivity (e.g. from an increase in the electrode's physical extent), we looked at 5 min of spontaneous recording on the plated and unplated electrodes. Clustering of spontaneous action potentials recorded on each electrode was performed using Wave_clus (Quiroga et al., stimulation voltage required to evoke a response. This was verifi ed experimentally in a chronically implanted MMEA as depicted in Figure 6 . The sonicoplated electrodes had the lowest mean impedance of the three types of plating, and as expected had the maximum reduction in stimulation voltage. For a stimulation current of 10 µA, the unplated electrodes required a mean voltage of about 1.13 V, whereas the sonicoplated electrodes required a mean voltage less than 0.64 V. This is a 43% reduction in stimulation voltage.
REDUCTION OF STIMULATION ARTIFACTS
Extracellular electrical stimuli (∼1 V) are typically fi ve orders of magnitude larger than extracellularly recorded neural signals (∼10 µV). This makes recording spikes evoked by stimuli diffi cult due to large stimulation artifacts. Capacitive charge accumulation between the stimulating electrode and the surrounding tissue impedes or prevents the detection of spikes for the time period for which the stimulation artifacts persist. In many cases, recording electronics become saturated for tens of milliseconds post stimulation (Rolston et al., 2009) . As shown in Figure 7 , a substantial reduction in the impedance on the stimulating electrode can reduce stimulation artifacts to a great extent. Since the sonicoplated electrodes require the lowest voltage for a 10 µA stimulus, compared to the other types of plating, they have the least stimulation artifact (in terms of amplitude and duration). The amplitudes and durations of the stimulation artifacts for the different types of plated electrodes compared to the unplated electrodes are quantifi ed in Figure 8 . The durations of the artifacts were reduced to about 8.6 ms on the sonicoplated electrodes compared to 482 ms in the unplated case. This is a 98% reduction in the duration of stimulation artifacts on the sonicoplated electrodes (p < 0.01). The amplitude of the artifacts was also reduced by 83% (p < 0.005). Similar reductions were observed on the unplated and DC plated electrodes too, but the results were best on the sonicoplated electrodes. These results were obtained in vivo, 20 days after implantation.
THERMAL OR JOHNSON-NYQUIST NOISE
Thermal noise is the electronic noise generated by the thermal agitation of the charge carriers (usually electrons) inside an electrical conductor at equilibrium, which happens regardless of any applied voltage and depends on the electrode impedance. Thermal noise is commonly believed to be one of the main contributors to noise in MEA recordings (Heuschkel et al., 2002) . Desai et al.
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Thermal noise is quantifi ed by the formula
where v is the noise amplitude (in units of volts per √Hz), k B is Boltzmann's constant, T is the temperature, and Z is the impedance. Hence, noise varies with the square root of the impedance of the electrode. So, decreasing the impedance of the electrodes should decrease the thermal noise. We made a spontaneous recording on an unplated electrode in an awake and behaving rat and compared this with recordings on the same electrode made after the animal was euthanized by an injection of euthasol. Our intention was to eliminate all biological sources of noise while keeping the physical environment surrounding the electrode constant. We observed an action-potential free recording on an unplated electrode to have an RMS amplitude of about 120 µV in an awake and behaving animal (The RMS includes frequencies in the 1 Hz to 9 kHz range). We also noticed that movement artifacts don't contribute much to recorded activity. A continuous recording was made before and after a lethal dose of euthasol. Figure 9A shows brain activity ceasing ∼13 min post injection. At this time, the total noise recorded on the same unplated electrode had an RMS amplitude of about 9 µV. Because brain activity ceases within 13 min after circulation ceases, it can be safely assumed that most of the 9 µV noise observed is thermal noise and noise due to electromagnetic interference (EMI).
Hence, thermal noise and EMI together contribute less than 10% to the total noise. We compared noise levels on the three types of plated electrodes and the unplated electrodes in a euthanized animal ( Figure 9B) . As can be seen from the fi gure, there is no signifi cant difference (0.3 < p < 0.6) between the noise levels on the different types of plated and unplated electrodes in a euthanized animal, showing that a decrease in thermal noise levels is not measurable and may be obscured by noise from EMI.
DISCUSSION AND CONCLUSION
We have introduced and characterized the technique of sonicoplating (plating under ultrasonic agitation) of Pt black on MMEAs for increased durability compared to traditional plating techniques.
A test for durability was performed by subjecting MMEAs (whose electrode impedances were reduced to the same extent by the sonicoplating method and the traditional DC and pulsed plating methods) to an hour of ultrasonic agitation in a standard saline solution. Sonicoplated electrodes were able to withstand this durability test much better than those plated by the other two methods. Improved durability is important, especially in chronic studies, where it is required to record or stimulate in the same regions of the brain sometimes even over the period of a few months. Even in acute studies, the plating has to be durable enough to withstand the process of being implanted into the brain, penetrating through pia mater and brain tissue. Poor durability has been one of the main reasons why Pt black-plated MEAs are seldom used.
Lowering impedance on MMEAs has a direct effect on lowering the required stimulation voltage in current controlled stimulations. This can have two important consequences. Firstly, reduced voltage while stimulating would mean less power is dissipated in the brain in the form of heat, leading to less tissue damage (power is directly proportional to electrode impedance). This can be of great practical importance for experiments or therapeutic treatments requiring persistent or high-frequency stimulation. Secondly, since stimulation voltage is reduced by this method, stimuli are less likely to exceed the water window that occurs at voltages of above 1 V (at which oxidation of the electrode begins) or below −0.8 V (at which hydrogen evolution begins) (Rozman et al., 2000) causing the irreversible breakdown of water into O 2 and H 2 gases (Merrill et al., 2005) . Hence, lowering impedance will increase the range of currents that one can use without hitting the water window and causing irreversible electrolytic damage in the brain. Stimulation artifacts result because of charge accumulation in the interface between the electrodes and the surrounding tissue immediately after stimulation. These artifacts can often last 500 ms or even longer (Figure 8 ) and have amplitudes that are more than ten times the amplitude of physiological action potentials, making spike detection diffi cult or even impossible immediately after stimulation. Evoked responses can occur in as little as 1 ms after a stimulation (Wagenaar and Potter, 2002; Rolston et al., 2009 ), hence it is important to reduce the duration of stimulation artifacts to as short as possible. A substantial reduction in the electrode impedance can greatly reduce the problem of stimulation artifacts. Since sonicoplating of Pt black maintains low impedance values for long periods of time, this technique helps get rid of stimulation artifacts, potentially making spike detection possible even a few milliseconds after stimulation on the stimulating electrode (Figure 8) , and even sooner on non-stimulation electrodes.
Thermal noise or Johnson-Nyquist noise, electromagnetic interference (EMI) from nearby electronics and biological signals of no interest to the investigator are believed to be the main contributors to noise in neural recordings. We have shown that contributions Ultrasonic electroplating for improved impedance from thermal noise and electromagnetic interference make up less than 10% of the total noise when using electrodes with typical microwire impedances and that no signifi cant reduction in thermal and EMI noise is observed with lowered impedances. Hence, a reduction in the thermal noise (if any) is obscured by effects from EMI. This is only the first basic analysis of the benefits of sonicoplating for chronic MMEAs. Similar sonicoplating techniques that Potter and Pine developed in the mid 1990s have proven useful for recording or stimulating cultured networks using planar MEAs in vitro (Pancrazio et al., 1998; Maher et al., 1999; Ross et al., 2004) . We continued to record action potentials from our longest-living cortical culture (Potter and DeMarse, 2001 ) for well over a year, from MEA electrodes that were sonicoplated. One study demonstrated the efficacy of a sonicoplated polyimide sieve electrode at recording and stimulating re-grown peripheral nerves, weeks after implantation (Ramachandran et al., 2006) . However, they did not conduct an analysis of the long-term effects of sonication on the Pt coatings used. It is likely that sonicoplating can be extended to other high-surfacearea conductive coatings than Pt black, for example, conductive polymers like PEDOT, which are also electrodeposited (Xiao et al., 2004) .
As more closed-loop applications are used, in the laboratory and in the clinic (Arsiero et al., 2007) , the ability to both stimulate and record from the same or nearby electrodes becomes more urgent. Sonicoplating can help overcome one hurdle for such stimulaterecord applications, the stimulation artifact.
Since it has now proven useful on cyclic voltammetry electrodes, multiwire MEAs, polyimide sieve electrodes, and planar MEAs, it is likely that sonicoplating will be generally applicable to all electrode types in which a durable reduction in impedance is desirable. This may also include macroelectrodes used for deep brain stimulation (Gross et al., 2004) .
